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PURPOSE. The vertebrate inner retina has a subset of intrinsically photosensitive retinal
ganglion cells (ipRGCs) that express the nonvisual photopigment melanopsin. The
intrinsically photosensitive retinal ganglion cells send light information from the environment
to the brain to control, among other parameters, the amount of energy entering the eyes
through the pupillary light reflex (PLR). A daily variation in the PLR in both mice and humans
has recently been shown, indicating circadian control of this response. In a previous work
involving the sensitivity spectra for the PLR, we showed that blind chickens (GUCY1*) display
the highest sensitivity to light of 480 nm. The aim of the present study was to evaluate the
potential circadian control of PLRs in blind birds under scotopic conditions.
METHODS. Circadian PLR was performed on GUCY1* chickens with lights of different
wavelengths (white or blue light of 475 nm) under scotopic conditions.
RESULTS. We found a significant daily variation in the PLRs of chickens exposed to white or
blue light of 475 nm, with increased sensitivity at circadian time 6 during the subjective day.
CONCLUSIONS. Our observations clearly point to circadian control of PLRs even in blindness,
strongly indicating that both the entry of light into the eyes and its quality are differentially
regulated during the day in diurnal animals.
Keywords: pupillary light reflexes, melanopsin, blindness, circadian rhythm, nonvisual
phototransduction
Light detection by the inner retina (inner nuclear andganglion cell layer) has been demonstrated in several
vertebrate species.1–6 This capacity is given by a subset of
intrinsically photosensitive ganglion cells (ipRGCs) expressing
the photopigment melanopsin.7 These cells project and send
light information to different brain areas such as the suprachi-
asmatic nucleus, the pretectal olivary nucleus and the lateral
geniculate nucleus, among others.8 The information sent to the
brain by the ipRGCs serves to control several nonvisual tasks
such as the synchronization of circadian rhythms, the photic
suppression of pineal melatonin, and the control of direct and
consensual pupillary light reflexes (dPLR and cPLR).
6,9–12 The
pupillary light reflex regulates the amount of light entering the
eye and thus reaching the retina. Under continuous light
conditions, both the direct and consensual PLRs exhibit two
clearly distinguishable stages: the nonstationary phase at first
and then the stationary phase at the end. In the nonstationary
phase, an immediate pupil constriction is observed (usually
commanded by classical photoreceptors, rods and cones),13
giving an idea of the kinetics of the constriction process,
whereas in the stationary phase, a steady-state pupil size is
visualized in which all the retinal photosensitive elements
(classical photoreceptors and ipRGCs) participate.13
Recently, daily differences in the mouse and human PLRs
have been reported, suggesting the existence of circadian
control of the PLR in these mammalian species.2,14 Previously
we demonstrated that the inner retina of blind chickens
(GUCY1*) is able to perceive light and conduct a number of
nonvisual tasks such as the photic entrainment of food intake
rhythms and pupillary light constriction.6 According to the
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action/sensitivity spectra assessed, these animals have the
highest sensitivity to light of 480 nm for the consensual PLRs;
this closely resembles the two melanopsin (Opn4) photopig-
ments, Opn4x and Opn4m, Xenopus and mammalian ortho-
logs respectively, whose mRNAs and proteins were shown to
be expressed in the inner retina of GUCY1* chickens.6,15 Given
this background, the aim of this work was to evaluate the
potential circadian control of the consensual PLRs (nonsta-
tionary and stationary phases) in GUCY1* chickens under
scotopic conditions with different types of light: white
(including the whole visible spectra) and blue of 475 nm
corresponding to the maximal absorbance for melanopsin
photopigments.6
MATERIALS AND METHODS
Animal Handling
Blind chicks (GUCY1*, n ¼ 3) aged 3 to 4 months were
maintained in light-dark cycles (LD; 600 lux, cool white
fluorescent light) of 12 hours, each with food and water ad
libitum and a room temperature of 258C. The animals were
subsequently released to constant darkness (DD) for 3 days,
during which animal handling was carried out under dim red
light (<3 lux). Lights used were standard fluorescent lights:
Sylvania (Erlangen, Germany), F18 W/154-T8, daylight, recycla-
ble, made in Germany, with the emission spectrum ranging from
390 to 627 nm. Animal handling was performed according to the
Guide to the Care and Use of Experimental Animals published by
the Canadian Council on Animal Care and approved by the local
animal care committee (School of Chemistry, National University
of Cordoba, Exp. 15-99-39796). All ocular procedures were
performed according to the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research.
Light Stimulation
Light stimuli were provided by a white light ophthalmologic
lantern or an ophthalmologic lantern adapted with two types
of LEDs, one of 475 nm, and the other of 430 nm as a control.
Light intensity was determined with a silicon photodiode (data
logging light meter, model 401036; Extech Instruments,
Waltham, MA, USA) and the light intensities used were 3000
lux for white light, » 150 lux (12.05 mW/cm2) for 475 nm, and
» 60 lux (0.35 mW/cm2) for controls at 430 nm.
Pupillometry
Pupillometry was undertaken in non-anesthetized GUCY1*
chicks (n¼ 3) as previously described in Valdez et al.6 Animals
were previously adapted to LD cycles for 15 days and then
released to DD for 3 days. On the third day in DD,
measurements were carried out at different circadian times.
One eye (consensual) of each animal was photographed under
dim red light with a digital camera (Nikon Co-olpix, 3.2
megapixel, Nikon Corp., Tokyo, Japan), and serial pictures
were taken for 32 seconds after light exposure of different
lights (white and 475-nm blue light ). A light control of 430 nm
was also included. The interval between flashes was from 5 to
10 minutes, the time taken for the animals to become dark-
adapted.
Definition and Estimation of Nonstationary and
Stationary Phases
The pupillary light reflex has two clearly distinguishable
phases, nonstationary (NSP) and stationary (SP), which provide
different but complementary information.
The nonstationary phase is defined as the interval of time in
which the pupil size contracts toward its final size and provides
information about the pupil constriction kinetics (we study the
characteristic lifetime (s, sec) for the PRL time courses
throughout the day). In our experiments, the NSP begins when
the light stimulus is switched on and ends when the pupil size
reaches its steady minimum size, after 18 seconds of stimulation.
The pupil remains at this steady minimum size for as long as the
light stimulus lasts, which defines the SP in this study from 18 to
32 seconds of stimulation.
Statistics
Statistical analyses were performed using the InfoStat statistical
software package (InfoStat, Grupo InfoStat, FCA-UNC, Argenti-
FIGURE 1. Circadian pupillary light response (SP and NSPs) in GUCY1*
chickens exposed to different types of light under scotopic conditions
(test 1). Upper: circadian variation of PLR with bright white light.
Middle: pupillary light reflexes with blue light of 430 nm, Bottom:
circadian variation of PLR with blue light of 475 nm. Results are
presented as percentage of maximum linear pupil constriction. Data
are means 6 SEM; n¼ 3. Statistical analysis revealed a significant effect
of time of day for white and blue light (475 nm; P  0.0001).
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na).16 The pupillary light reflex data were tested by means of
mixed-model statistical analysis to evaluate the effects of
circadian time, type of light, stimulation time, and the
interaction among these factors. Pupillary light reflex was
considered a dependent variable. We included circadian time,
type of light, and stimulation time as fixed factors and animal
as random effect (test 1).
We conducted a separated analysis of our results for these
two phases (NSP and SP).
The pupillary light reflex data from the NSP were compared
by mixed-model statistical analysis that evaluated the effects of
circadian time, type of light, stimulation time, and the
interaction among these factors. Pupillary light reflex was
considered a dependent variable, circadian time, type of light,
and stimulation time as fixed factors, and animal as a random
effect (test 2).
Daily profiles of s data were compared by mixed-model
statistical analysis to evaluate the effects of light type, circadian
time, and the interaction among these factors. The model
considered animal as random effects (test 3). Profiles of s data
were natural logarithm–transformed for normality of residuals.
The pupillary light reflexes data of the SP were compared
by mixed-model statistical analysis to evaluate the effects of
circadian time, type of light, and interaction among these
factors. Stationary PLR was considered a dependent variable,
circadian time and type of light as fixed factors, and animal as a
random effect (test 4). To model the heteroscedasticity, an
identity function of variance was incorporated (including the
type of light covariable in the function).
The Fisher least significant difference test was used for post-
hoc analysis. Differences were considered significant at P <
0.05. All values are expressed as mean 6 SEM.
RESULTS
GUCY1* Chickens Exhibit Daily Changes in the PLR
The pupillary light reflexes of GUCY1* chickens was signifi-
cantly influenced by white light or blue light of 475 nm in
combination with circadian time (Test 1, F16,268 ¼ 2.6, P <
0.01, Fig. 1), or with stimulation time (Test 1, F8, 268 ¼ 4.78, P
< 0.01, Fig. 1). When white light was used as stimulus (Fig. 1,
upper), the PLR was significantly different between subjective
day (circadian time [CT]3: 57.37 6 3.29; CT6: 55.26 6 3.29)
and subjective night (CT18: 66.12 6 3.29; CT21: 72.30 6 3.29;
CT24: 68.77 6 3.29). Also, as observed with white light, with
blue light stimuli of 475 nm (Fig. 1, bottom), the PLR shows
statistically different daily variations between subjective day
(CT6: 45.3 6 3.29) and subjective night (CT18: 59.74 6 3.29).
When blue light of 430 nm was used as a control (Fig. 1,
middle), the PLR did not differ significantly between subjective
day (CT3: 66.85 6 3.29; CT6: 74.53 6 3.29) and subjective
night (CT18: 66.78 6 3.29; CT21: 72.80 6 3.29, respectively)
although the light intensity applied was lower.
Since the PLR has two clearly distinguishable phases, the
NSP and SP, which provide different but complementary
information (see Materials and Methods), we sought to assess
FIGURE 2. Analysis of the nonstationary pupillary light responses in
GUCY1* chickens exposed to different types of light under scotopic
conditions. (A) Circadian pupillary light response at NSP (0–18
seconds of stimulation) in GUCY1* chickens exposed to different
types of light under scotopic conditions (test 2). Upper: circadian
variation of PLR with bright white light. Middle: pupillary light
reflexes with blue light of 430 nm. Bottom: circadian variation of PLR
with blue light of 475 nm. (B) Differences between different types of
light at CT 6 and CT 21. Results are presented as percentage of
maximum linear pupil constriction. Data are means 6 SEM; n ¼ 3.
Statistical analysis revealed a significant effect of time of day for white
and blue light (475 nm; P  0.0001).
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whether the observed PLR differences arise from differences in
the NSP, in the SP, or in both. Therefore, we conducted a
separated analysis of our results for these two phases.
Analysis of the Nonstationary PLR With 475 nm
and White Lights
The nonstationary phase of PLR was significantly influenced by
white or 475-nm lights in combination with circadian time
(Test 2, F16,376 ¼ 4.67, P < 0.01, Fig. 2), or with stimulation
time (Test 2, F12,376¼ 3.55, P < 0.01, Fig. 2). When white light
was used as stimulus (Fig. 2A, upper, 2B), the PLR exhibited
daily changes, with maximum values during the subjective day
(CT6: 53.39 6 3.20) and minimum during the subjective night
(CT21: 70.53 6 3.20). Daily changes in the pupillary responses
were also observed with blue light stimuli of 475 nm and the
control of 430 nm; however, no clear differences between
subjective day and night (Fig. 2, middle and bottom) were
observed. Figure 2B shows the percentage of constriction at
CT6 and CT21 for each light condition in order to highlight the
differences between subjective day and subjective night in the
NSP of the PLRs. At CT6, the pupillary constriction responses
in GUCY1* chickens displayed the highest responses with
white or blue light of 475 nm (Fig. 2B). At circadian time 21,
however, the pupillary responses stimulated with white light
were similar to the controls stimulated with blue light of 430
nm, but differed markedly from those obtained with blue light
of 475 nm (Fig. 2B).
PLR Kinetics Does Not Exhibit Changes
Throughout the Day
The daily differences observed during the NSP of the PLR
driven by the white light stimulus led us to ask whether or not
there are daily changes in the PLR kinetics of GUCY1*
chickens. We therefore sought to determine the characteristic
lifetime (s, sec) for the PRL time courses throughout the day.
To this end, we fitted the PLR time courses for each chicken at
each light type and CT condition with a first-order exponential
decay function to obtain their lifetimes. Figure 3 shows that
there were no daily changes in the PLR kinetics of GUCY1*
chickens for the conditions tested.
Analysis of the Stationary PLR
Stationary PLR data were significantly influenced by white or
475-nm lights in combination with circadian time (F16,295 ¼
2.91, P < 0.01, test 4). The largest percentage of constriction
values with white light were observed during the subjective
day (CT3: 47.42 6 3.57, CT6: 45.79 6 3.57), while the lowest
values were observed during the subjective night (CT21: 65.84
6 3.57, CT24: 63.12 6 3.57; Fig. 4A, upper, 4B). Daily
variations were observed in consensual pupillary light reflex
with blue light of 475 nm (Fig. 4A, bottom). The maximum
percentage of constriction was observed during the subjective
day (CT6: 32.45 6 2.91, CT9: 36.74 6 2.91), while the
minimal values were observed during the subjective night
(CT18: 47.97 6 2.91, CT21: 44.45 6 2.91). No diurnal
variations were observed in the controls with blue light of 430
FIGURE 3. Pupillary light reflex kinetics exhibits no changes throughout the day (test 3). Daily profiles of the mean s for white (black bars), 430-
(light gray bars) and 475-nm blue light (dark gray bars) stimuli. Statistical analysis revealed a significant effect of light type (P ¼ 0.003): PLR
lifetimes obtained after a 430-nm light stimulus were significantly longer than those obtained with white or 475-nm blue light. Natural logarithm–
transformed are means 6 SEM; n¼ 3.
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nm (P > 0.05; Fig. 4A, middle), nor did the values differ from
those observed for white light at CT21 (Fig. 4B). In addition,
although the light intensities used for the blue lights (430/475
nm) were different, values with blue light of 475 nm were
lower than those observed with the controls exposed to 430-
nm light.
DISCUSSION
In the present work we demonstrate a circadian rhythm in
consensual PLRs in a nonmammalian model of blindness, the
GUCY1* chickens, kept under constant illumination conditions
(DD). These birds carry an autosomal recessive mutation in the
photoreceptor-specific guanylate cyclase 1 (GC1) gene17 that
severely affects both phototransduction and survival of cones
and rods.18,19 This retinopathy causes blindness at hatch,
similar to Leber’s congenital amaurosis in humans.20 However,
these birds still retain the ability to detect light that regulates a
variety of nonimage forming functions such as the photic
entrainment of feeding rhythms and PLRs.6,12 Furthermore, as
previously shown in WT RGCs,21 in GUCY1* birds these cells
are still able to give circadian expression to the mRNA for
aralkylamine N-acetyltransferase (AA-NAT), a key regulatory
enzyme in the synthesis of melatonin, albeit with a completely
shifted phase.22
In most studies on PLRs, pupil amplitude (either absolute or
relative to the starting pupil diameter) is the main parameter
for characterizing pupil constriction in response to
light.1,3,23,24,27 However, other variables could also be consid-
ered, including latency, velocity, or acceleration.25,26
Here we have examined two of these PLR variables in
GUCY1* chickens: the relative amplitude (% constriction) and
velocity (kinetics) of the responses. A clear daily change was
visualized in pupil amplitude during white light stimulation
(Fig. 1); this amplitude variation was observed in both the NSP
(Fig. 2A) and the SP (Fig. 4A) of the PLR, indicating that both
phases contribute to the whole response and that the daily
control of pupil size is measurable after only a few seconds of
the bright white light stimulus onset.
Similar daily changes in whole PLR amplitude were
observed in response to a 475-nm blue light stimulus (12.05
mW/cm2; Fig. 1), but in this case the changes appear to be
entirely due to differences observed during the SP (Fig. 4B),
since no clear daily differences were seen during the NSP (Fig.
2). Thus, with a bright 475-nm blue light stimulus, the daily
control of PRL would seem to be measurable only when the
pupil has reached its stable minimum size.
As expected, levels of constriction during the SP for a 475-
nm blue light pulse are higher than those for a white light
pulse (Fig. 4B) since the opsin photopigment driving the PLRs
in GUCY1* birds is most sensitive around 484 nm. This also
explains why, when using a 475-nm blue light stimulus, the
percentage of constriction obtained during the NSP through-
out the circadian times (Fig. 2A) was more pronounced than
that observed with a white light stimulus at both subjective
day and night (Figs. 2A, 2B). By contrast, no daily differences
in the PLR amplitude under a 430-nm light stimulus (0.35 mW/
FIGURE 4. Analysis of the stationary pupillary light responses in
GUCY1* chickens exposed to different types of light under scotopic
conditions. (A) Circadian pupillary light response at Stationary phase
(18–32 seconds of stimulation) in GUCY1* chickens exposed to
different types of light under scotopic conditions (test 4). Upper:
circadian variation of PLR with bright white light. Middle: pupillary
light reflex with blue light of 430 nm. Bottom: circadian variation of
PLR with blue light of 475 nm. (B) Differences between different types
of light at CT6 and CT21. Results are presented as percentage of
maximum linear pupil constriction. Data are means 6 SEM; n ¼ 3.
Statistical analysis revealed a significant effect of time of day for white
and blue light (475 nm) (P  0.0001).
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cm2) were found after the whole statistical analysis (Fig. 1,
middle) or the analysis of the SP and NSP conducted
separately (Figs. 2, 4, middle). Nevertheless, a small percent-
age of pupil constriction was observed in the controls
exposed to a 430-nm blue light stimulus (at both SP and
NSP). It is worth noting here that although the intensity of the
430-nm light stimulus used in the experiments produces a 40%
to 50% maximum constriction (see the 430-nm dose-response
curve in Ref. 6, Fig. 3), we cannot completely rule out the
possibility that circadian control of the PLR amplitude might
occur at higher intensities for this wavelength. Furthermore,
because the 475 and 430 nm lights used here were not
equiluminent, we cannot directly compare their daily profiles.
Nevertheless, the comparisons between circadian phases for
the same light sources (white or 475nm) clearly demonstrates
a circadian control of the PLR in GUCY1* chickens.
We have previously determined the dose-response curves
and action spectrum for the PLR in GUCY1* chickens,6 which
revealed that an opsin-based photopigment, with maximum
absorption at 484 nm, mediates these responses. In addition,
we have also demonstrated that the inner retina of GUCY1*
chickens expresses the two melanopsin genes (Opn4x and
Opn4m) as well as their corresponding proteins.6,15 These
observations, together with the fact that melanopsin is
expressed in a circadian manner with higher levels during
the light phase in chicken retinal cells,34 suggest that the
circadian PLR shown in this work could be driven by opsin 4.
Cryptochromes, which display maximal absorbance at 430 nm,
have been associated with some nonvisual photoperception
tasks at early developmental stages in chickens, though these
responses disappear after birth.6,28 Moreover, our previous
studies suggest that cryptochromes do not act as functional
photopigments directly responsible for conducting the PLRs in
adult GUCY1* chickens.6 Nevertheless, we cannot completely
rule out this possibility on the basis of the results shown here.
Despite the white and 475-nm blue light stimuli not being
equiluminent, the kinetic responses obtained were similar at
any CT examined, reflecting that both light conditions were
equally efficient for driving daily variations in the PLRs.
Our results also suggest that under the light conditions
presented in this work, there are no daily changes in the slope
(s) of the PLR time courses for GUCY1* chickens, despite ss
being calculated via different fitting approaches.29 As we
mentioned above, there is indeed a daily rhythm in the pupil
amplitude during the NSP when the stimulus was white light. A
parsimonious explanation for these observations could be that
both phases contribute to the whole PLR under white light,
reflecting the fact that the amplitude of the whole PLR time
courses for some CTs were higher than others, maintaining the
slopes.
It is therefore likely that the small PLR observed with a 430-
nm light stimulus is because the light source used for these
experiments exhibited an emission spectrum peaking at 430
nm, but with a tail overlapping the absorption spectrum for
melanopsin (Supplementary Fig. S1). This observation also
explains why the characteristic lifetime (s) for the PRL time
courses under a 430-nm light stimulus are longer and the PLRs
slower (Fig. 3) than those obtained under the white and 475-
nm blue light conditions. In this connection, under white or
475-nm blue light stimuli, the kinetic responses did not differ
statistically at any CT examined, reflecting that the two light
pulses are equally efficient at driving the PLRs.
Another interesting finding is that GC1 is not essential for
the functioning of the photocascade operating in nonclassical
photoreceptors located in the inner retina. This strongly
suggests that the biochemical photocascade operating in the
nonvisual inner retinal photoreceptors does not require the
synthesis of cGMP by GC1 as occurs in isolated ipRGCs.30–32 In
the chicken and mammalian retina, GC2 (also known as GC-F)
is also expressed; however, levels of cGMP in GUCY1* chicken
retinas are 6-fold lower than those in WT animals.17
It is known that the chicken retina works as an autonomous
oscillator independent of the suprachiasmatic nuclei, displaying
circadian rhythms in melatonin, dopamine, and photopigments
synthesis, variation in the amplitude of electroretinogram
components, and glycerophospholipid synthesis—among oth-
ers21,22,33–41—reviewed in Guido et al.42 Moreover, we have
previously shown that chicken RGCs also contain autonomous
oscillators capable of generating self-sustained rhythms in
melatonin synthesis and in the expression and activity of AA-
NAT with higher levels during the day under DD, LL, or regular
LD cycles.21,22,31 Strikingly, a number of activities controlled by
retinal clocks presumably located in the RGCs were shown to
peak during the day, such as the highest sensitivity to white and
blue (475 nm) light for the PLRs described in this study and
specific ERG parameters: the b-wave amplitude and implicit
time which were also higher during the day,37 when RGC
melatonin peaks.21,22,31
These facts lead us to believe that our results, showing daily
changes in pupillary responses under constant dark conditions,
reflect truly circadian control of this nonimage photic response
in GUCY1* chickens. Recently, a daily rhythm in PLR was also
reported in the retinal degenerate mice rd/rd. However, these
experiments were performed under a 12-hour light/12-hour
dark cycle,2 so that a light-driven PLR rhythm cannot be
completely excluded. Nevertheless, this PLR rhythm, together
with the fact that clock mutant backgrounds reduced the PLR
sensitivity of rd/rd mice, strongly suggests the circadian
modulation of PLR in mice.2
On the basis of previous results found in the literature, we
suggest that at least two independent mechanisms could be
involved in the circadian modulation shown here. The first is at
the level of the retina itself, since the ipRGCs involved in the
control of pupil size may act as independent oscillators
controlling this response in humans.14 Furthermore, the
melanopsin photopigment in the chicken inner retina is
expressed in a circadian manner with higher levels during
the subjective day,34 regulated by dopamine43 that, in turn, also
exhibit a daily rhythm with higher levels during the light
phase.40,41 We have previously demonstrated that GUCY1*
inner retinas express the two genes of melanopsin (Opn4x and
Opn4m) at the mRNA and protein levels6,15 and here we
observed stronger pupillary responses during the subjective
day than the subjective night.
The second mechanism could be indirect circadian control
exerted by the suprachiasmatic nuclei on the Edinger-Westphal
nuclei, which are critical in controlling pupil size.44
Overall, our results clearly demonstrate for the first time the
circadian control of the PLRs in nonmammalian vertebrates
with no functional cones or rods (GUCY1* chickens) and
support the hypothesis that the circadian control of PLR may
occur in these blind animals, mediated by a vitamin A-based
photopigment with a maximum sensitivity around 480 nm.
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